INTRODUCTION
There has been growing awareness in the medical literature of the potential for high lifetime cumulative radiation exposures incurred by patient subgroups with chronic disorders as a result of repeated use of diagnostic imaging. This is of particular concern in patients whose underlying illness begins at a young age and follows a chronic relapsing and remitting course; examples of this have been described with Crohn's disease and cystic fibrosis [1] . The availability and improvements in diagnostic imaging have led to a sevenfold increase in the use of radiological imaging modalities [2] . This is especially true for computed tomography (CT), which imparts more than 50% of all radiation exposure from diagnostic imaging [3] . Studies report a 7.8% annual increase in the use of CT from 1996 to 2010 representing an overall doubling of the mean per capita effective dose of ionizing radiation [4] . The relationship of cumulative radiation exposure to a quantifiable risk of cancer induction is a controversial topic. However, protracted exposure to low-level ionizing radiation is widely believed to be associated with an increased risk of malignancy with several studies de monstrating a dose-dependent correlation between radiation exposure and cancer incidence [5] [6] [7] [8] .
Young patients appear to be 10 times more susceptible than adults to the risk of developing cancer from ionizing radiation exposure [9, 10] . In terms of CT scans, children receive greater organ doses and several organs are more sensitive to radiation-induced cancer than adults [11] . Children are also inherently more at risk because they have many more subsequent years of life to develop a radiation-induced cancer.
High cumulative effective dose (CED) has been documented in a number of patient groups including Crohn's disease [12] , cystic fibrosis [13] , endstage kidney disease [14] , and testicular cancer [1] . Studies have shown that intensive care unit (ICU) patients receive significantly higher cumulative doses of ionizing radiation than other hospitalized patients (17.9 mSv vs 11.3 mSv in one study) [15] . ICU patients are critically ill and often require several diagnostic radiology investigations that may need to be repeated within a short time frame.
Therefore, we hypothesize that ICU patients, especially pediatric patients, are potentially vulnerable to increased CEDs from ionizing radiation. Yet this particular subset of patients has received little attention, with only one study examining CED in pediatric patients published in the literature [16] . The aim of this study was to: (1) quantify the CED of ICU patients attributable to diagnostic imaging; (2) examine patterns of use of diagnostic imaging in ICU patients; (3) identify subgroups of patients that may be at risk of receiving higher CEDs; and (4) quantify CED in pediatric patients in the ICU.
MATERIALS AND METHODS

Patient selection
This was a prospective, interdisciplinary study conducted at a large tertiary referral and level 1 trauma center over a 1-year period from March 2010 to February 2011. Patients were identified for possible inclusion on a daily basis from the general ICU database. All patients regardless of age admitted to the ICU for more than 4 h were included. Demographic and clinical data including medical record number, age, gender, date of ICU admission, primary reason for admission, acute Moloney F et al . Radiation exposure in ICU patients physiology and chronic health evaluation (APACHE) Ⅱ score, length of stay, number of days intubated, date of death or discharge, and re-admission data were collected and stored in an encrypted, anonymised database constructed using Microsoft Office Excel 2010 (Microsoft Corporation, CA, United States). Ethical approval for the study was granted by the local clinical research ethics committee.
Diagnostic imaging and dose
Data on all diagnostic radiology investigations that utilized ionizing radiation including CT, conventional radiographs, and nuclear medicine studies was collected on all patients from the radiology department's Picture Archiving and Communication System (IMPAX 6, Agfa Healthcare, NV, Belgium) and Radiology Information System (Keogh Radiology Information System version 2.7, KS Medical, Dublin, Ireland). The centralized nature of local radiology services and the use of one imaging center in our study assured the accuracy of the capture of all imaging studies performed in our study group.
CT examinations were performed with oral and intravenous contrast using a 64 slice multidetector row CT (LightSpeed VCT-XTe, General Electric Medical Systems, Waukesha, Wisconsin, United States) or a 4slice multidetector row CT (Toshiba Aquilion, Toshiba Medical Systems, Zoetermeer, The Netherlands). Data on diagnostic investigations not utilizing ionizing radiation including ultrasound (US) and magnetic resonance imaging (MRI) was also recorded.
CED was calculated using the reference effective doses for diagnostic imaging studies published by the United Kingdom National Radiation Protection Board [17] . Pearson and Spearman correlation tests were used to assess the relationship between continuous variables for parametric and non-parametric data respectively. Mann-Whitney U or KruskalWallis tests were used to compare non-parametric distributions of two or more than two groups of continuous variables respectively. Dunn's multiple comparisons test was used to assess dose differences between trauma, medical and surgical patients. Associations between patient characteristics and CED were analyzed by binominal logistic regression and expressed as odds ratios (OR). A CED greater than or equal to 15 mSv was used as the cut-off for low and high dose groups to facilitate logistic regression analysis. A subgroup analysis was performed in patients aged less than 17 years. P values less than 0.05 were considered to be statistically significant.
Statistical analysis
RESULTS
Patients and CED
Four hundred and twenty-one patients with a median age of 58 (range 1-93) years were identified for inclusion in the study. The demographic and clinical characteristics of all patients in the study group are outlined in Table 1 . Table 2 outlines the most common primary reasons for admission to the ICU.
A total of 2737 studies that utilize ionizing radiation were performed with a mean 7.4 studies per patient (95%CI: 3.5-4.6). The total CED for the patient cohort was 1704 mSv with a median CED of 1.5 mSv (IQR, 0.04-6.6 mSv). Studies not using ionizing radiation accounted for 1% of all studies.
Seventy-nine diagnostic radiation studies were performed in 23 patients aged less than 17 years with a total CED of 74.6 mSv and a median CED of 0.07 mSv (IQR, 0.01-4.7 mSv).
Patterns of use
Chest radiography was the most commonly performed examination utilizing ionizing radiation accounting for 83% of all studies but only 2.7% of total CED ( Figure   421 WJR|www.wjgnet. (Table 3) .
DISCUSSION
Radiological examinations utilizing ionizing radiation are useful and necessary tools used for diagnostic and therapeutic purposes in ICU patients.
Quantifying cumulative radiation dose delivered by medical imaging is gaining increasing importance in the literature. The importance of monitoring CED is seen in the recent development by industry of radiation dose monitoring software systems, which are now commercially available and are gaining market traction. These systems are facilitating the process of monitoring radiation exposure in individual patients and also in continuous monitoring and audit of imaging departments' performance, with respect to radiation exposures associated with individual imaging modalities and imaging protocols.
The international commission on radiological protection, as well as the National Academy of Sciences Committee on Biological Effects of Ionizing Radiation have estimated cancer risks associated with 1). CT accounted for 16% all studies utilizing ionizing radiation and contributed 97% of the total CED for the study population. CT brain was the most frequently performed CT examination representing 53% of CT studies and contributing 23% of CED from CT alone. This was followed by CT abdomen and pelvis (11% of CT studies; contributing 25% of CED from CT) and CT thorax, abdomen and pelvis (8% of CT studies; contributing 30% of CED from CT) (Figure 2 ). MRI and US were performed in 4.5% and 12% of patients respectively.
Amongst the 23 pediatric patients, chest radiography was the most commonly performed examination accounting for 72% of all studies and contributing to 1.5% of total CED (Figure 3 ). 21 CT examinations were performed in pediatric patients with a total CED from CT of 73.4 mSv accounting for 98% of total CED. CT brain was the most frequently performed CT examination in pediatric patients representing 62% of CT studies.
Patients at risk of higher exposures
Trauma patients received a statistically significant higher dose [median CED: 7.7 mSv (IQR: 3.5-13.8 mSv)] 
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protracted exposures to low-dose ionizing radiation by extrapolating from published data of Japanese atomic bomb survivors who had, in large part, acute exposure to high doses of radiation [2] . As a result, a linear nothreshold model of risk associated with high dose exposures is assumed to also be relevant for low-dose exposures. Epidemiological studies have provided evidence of increased cancer-related mortality following exposure to low levels of ionizing radiation from diagnostic imaging [18, 19] . Other efforts to quantify the cancer risk from lowdose radiation exposure have focused on the cancer incidence among radiation workers in the nuclear industry. A retrospective cohort study examining the effects of low-dose protracted exposures to ionizing radiation in 15 countries involving almost 600000 workers demonstrated a doserelated increase in all cancer mortality [20] . However, use of data generated from atomic bomb survivors and nuclear industry workers to estimate cancer risk from diagnostic radiology examinations is not ideal and remains extremely controversial [21, 22] . CED in ITU patients has been recorded in recent studies. Rohner et al [23] reported a median CED of 9.35 mSv (IQR: 0.18-27.4 mSv) in 74 patients in a surgical ICU and identified the number of CT studies and fluoroscopy minutes to be significantly associated with a dose greater than 50 mSv. Lutterman et al [15] examined CED in hospitalized patients and found dose estimates to be significantly higher for patients whose hospitalizations included time in the ICU (17.9 mSv vs 11.3 mSv). A study examining thoracic radiation exposure incurred by pediatric patients in the ITU reported a median total thoracic exposure of 3.71 mGy (range, 0.77-33.41 mGy) in 69 patients. Although our median CED estimates were lower for the majority of our study population than reported in other studies, a subgroup of patients within our study group did receive a significantly higher radiation exposure and we concluded that it was necessary to examine factors contributing to this. Trauma patients received a significantly higher median CED (7.7 mSv) than medical (1.4 mSv) and surgical (1.6 mSv) patients. This primarily related to the use of wholebody CT and is in keeping with a previous study, which reported a mean CED of 22.7 mSv in trauma patients. We also identified length of stay in ICU to be predictive of receiving a higher CED (> 15 mSv). Although we only found a weak association [OR = 1.12 (95%CI: 1.079-1.157)] in our patient cohort, it is reasonable to assume that the longer a patient remains in ICU, the more likely he or she is to undergo additional and repeated imaging and incur a higher CED. Prior to requesting diagnostic radiology examinations for ICU patients with extended admission times, physicians should consider the justification for the examination in the context of the patient incurring a potentially high CED. A younger age was only weakly associated with the likelihood of receiving a higher CED.
Number of intubated days and APACHE Ⅱ score were not associated with a higher CED. Similar to previous studies assessing CED [1, 12] , there was a disproportionately large contribution of CT (16% of all studies, 97% of CED) to CED, reflecting a possible overreliance on CT. Several studies report a notable increase in the use of CT in recent years with a parallel increase in radiation exposure from diagnostic imaging [12] . Therefore, strategies to reduce CED should initially be focused on reducing the use of and dose from CT.
Exposure to ionizing radiation is an important consideration when deciding on the most appropriate imaging modality to use in an ICU patient. This is especially true in young patients and patients with chronic conditions such as inflammatory bowel disease who have been shown in previous studies to be at risk of high cumulative radiation doses from diagnostic imaging [24] . If possible, imaging modalities that do not involve exposure to ionizing radiation such as MRI and US should be employed in the first instance. However, this may not be possible in many cases due to the lack of availability of MRI at some institutions, prolonged imaging times of MRI compared to CT, patient contraindications to MRI, and the sub-optimal diagnostic capabilities of MRI compared to CT in certain clinical scenarios.
As previously discussed, CT is a valuable imaging technique when used judiciously in the ICU setting. It is vital that each radiology department takes due consideration of dose reduction strategies to keep patient doses as low as reasonably possible. There are several dose optimization strategies available that may be readily employed in patients in the ICU. These include omitting unnecessary images at the ends of acquired series [25] , minimizing the number of phases acquired, and the use of automated exposure control as opposed to fixed tube current techniques [26] . Accurate patient centering is another important dose reduction strategy with poor centering resulting in significant dose increases [27] . In addition, new image reconstruction techniques that reduce radiation dose have been developed in recent years with promising results. These techniques use iterative reconstruction algorithms to attain diagnostic quality images with reduced image noise at lower radiation doses [28, 29] . Recent studies have acquired diagnostic quality CT abdomen and pelvis examinations in the sub-mSv range equivalent to the dose of a conventional abdominal radiograph [30] . New filtration techniques used in combination with iterative reconstruction algorithms are also under development [31] . There are some limitations to our study. The study only measured ionizing radiation exposure while patients were in the ICU, but presumably many patients would have undergone additional imaging investigations prior to or following ICU admission, making their total exposure in hospital greater than recorded. This is especially true for trauma patients who may have had trauma series radiographs or whole-body CT on presentation to the emergency department. Patient CEDs were calculated using reference effective doses published by the United Kingdom National Radiation Protection Board [17] . However, due to the complexity of the cases in an ICU, it is possible that imaging studies may have involved higher doses than the quoted effective doses. We also only studied patients in a single center and our results may not be applicable to other centers. Finally, we did not measure lifetime CED in this study.
However, there are several strengths of our study. We had a relatively large sample size compared to previous studies assessing radiation dose in ICU patients. Requesting physicians were unaware of the study to avoid any confounding influence on physician behavior with regard to requesting radiology examinations. Our study population consisted of patients in a general ICU and therefore the results are more widely applicable. Additionally, we included pediatric patients in our study, which is arguably the most vulnerable subgroup.
In conclusion, we report a relatively low CED in the majority of ICU patients, during their stay in the ICU. Nevertheless, physicians are beholden to keep radiation exposures from diagnostic imaging as low as reasonably practical and CED should be minimized where feasible, especially in young patients. Physicians should be aware that trauma patients and patients with extended ICU admission times are at an increased risk of high CEDs. Reduction in CED may be achieved with the development of strategies to monitor CED, substituting CT with MRI and US where possible, and optimizing CT protocols based on clinical validation to keep patient doses as low possible.
COMMENTS
Background
There has been growing awareness in the medical literature of the potential for high lifetime cumulative radiation exposures incurred by patients as a result of repeated use of diagnostic imaging. This is especially true in certain patient groups such as those with chronic illness that require repeated imaging studies over their lifetimes. The relationship of cumulative radiation exposure to a quantifiable risk of cancer induction is a controversial topic. However, protracted exposure to low-level ionizing radiation is widely believed to be associated with an increased risk of malignancy with several studies demonstrating a dosedependent correlation between radiation exposure and cancer incidence.
Research frontiers
Quantifying cumulative radiation dose delivered by medical imaging is gaining increasing importance in the literature. The importance of monitoring cumulative effective dose (CED) is seen in the recent development by industry of radiation dose monitoring software systems, which are now commercially available and are gaining market traction. Several studies published recently in the literature have documented high CEDs in a number of patient groups including Crohn's disease, cystic fibrosis, end-stage kidney disease, and testicular cancer.
Innovations and breakthroughs
Studies have shown that intensive care unit patients receive significantly higher cumulative doses of ionizing radiation than other hospitalized patients (17.9 mSv vs 11.3 mSv in one study). The authors found trauma patients and patients with extended intensive care unit (ICU) admission times to be at an increased risk of higher CEDs. CED should be minimized where feasible, especially in young patients.
Applications
ICU patients are critically ill and often require several diagnostic radiology investigations that may need to be repeated within a short time frame. Physicians should be aware that trauma patients and patients with extended ICU admission times are at an increased risk of high CEDs. Reduction in CED may be achieved with the development of strategies to monitor CED, substituting computed tomography (CT) with magnetic resonance imaging and ultrasound where possible, and optimizing CT protocols based on clinical validation to keep patient doses as low possible.
Terminology
CED refers to the total radiation dose a patient has received as a result of undergoing diagnostic radiology examinations that involve the use of ionizing radiation.
Peer-review
The authors studied the CED from diagnostic imaging in ICU patients with good results. 
